A new approach to structural sensing, fluorescence resonance energy transfer nanotomography, which interprets fluorescence decay measurement in terms of site density analysis of molecular distributions, has been applied to a glucose sensor based on competitive binding with malachite green labelled dextran to the sugar binding protein concanavalinA labelled with allophycocyanin. Opportunities for structural sensing in clinical medicine are highlighted.
Introduction
Determining the structure and dynamics of proteins and other macromolecules is a fundamental problem in biochemistry and one which underpins many aspects of clinical medicine. In addition to commonly used x-ray diffraction, CD spectroscopy and NMR spectroscopy, fluorescence sensing techniques can also address this generic problem, by providing a nanometre distance dependence. Fluorescence resonance energy transfer (FRET) is one such mechanism for structural determination as its rate w(r) strongly depends on the donor-acceptor distance on the nanoscale, w(r) ∼ r −6 , giving an opportunity for high spatial resolution. Application of FRET requires both donor and acceptor molecules to be present in a nanomolecular system, the structure of which is to be monitored. The donor-acceptor distribution function ρ(r) corresponding to this system, together with the donor molecular lifetime τ 0 , determine a specific donor fluorescence impulse response function I (t). This function is directly measurable from the fluorescence decay, and thanks to the strong w(r) dependence is rich in structural information. Recently we have been developing FRET based methods for experimental determination of the donor-acceptor distribution function ρ(r) Birch 2000, Rolinski et al 2000a) which provide good opportunities for modelling the structure of molecular systems across a wide range of applications. Moreover, if a process resulting in structural change, for example protein folding, is involved, a series of distribution functions determined at different stages of the process would enable, in principle, monitoring of the whole structural evolution with high resolution. To data our work has demonstrated ρ(r) only at r = R 0 , the Förster critical transfer distance, which needs to be varied to obtain the whole distribution function.
Here we develop a simpler method to obtain the whole ρ(r), leading to FRET nanotomography of a well known protein based glucose sensor (Rolinski et al 2001 , 2000b , McCartney et al 2001 in which changes in the analyte (glucose) level affect the distribution function ρ(r), the bulk acceptor concentration remaining unchanged. Figure 1 shows the principle of the sensor. It is based on competitive binding of glucose and malachite green (MG) labelled dextran to the sugar binding sites in allophycocyanin (APC) labelled concanavalinA (ConA) (Rolinski et al 2000b) . Several other donor/acceptor versions of this sensor (Meadows and Schultz 1988 , Lakowicz and Maliwal 1993 , Tolosa et al 1997a have been also investigated in recent years, but hitherto no appropriate theoretical description has been available. In the absence of glucose the sugar binding sites in ConA are occupied by acceptorlabelled dextran molecules. This minimizes the donor-acceptor distances, giving efficient FRET and a minimum mean fluorescence lifetime. On the appearance of glucose, some labelled dextran molecules are removed from the binding sites and a new donor-acceptor distance distribution is established by the dynamic equilibrium between glucose and dextran molecules. The critical transfer distance R 0 for the APC/MG pair used is 59.8 Å. Interpreting the measured APC fluorescence decay in terms of a new theoretical treatment has enabled us to determine the evolution of the ConA/dextran/glucose complex in terms of the APC/MG distribution function ρ(r) at different levels of glucose. More generally FRET nanotomography promises to offer new opportunities for investigating structural changes in physiological systems and disease states. A major advantage is the ability to record information under physiological conditions such as in cell extracts, and potentially also in whole cells, intact organelles and tissues, as well as with the purified molecular systems which we illustrate in this note.
Distribution sensing theory
In the presence of FRET, the donor fluorescence impulse response function I (t) is modified from a monoexponential decay function exp(−t/τ 0 ) to the form (Rolinski and Birch 2000)
where w(r) = (1/τ 0 )(R 0 /r) 6 . Because equation (1) belongs to a class of ill-posed Fredholm integral equations of the first kind, the solution ρ(r) may not be unique or may not exist. In this kind of problem ρ(r) can be recovered from I (t) decay only if some prior information is included in the data analysis. The most commonly used 'prior information' applied to the FRET problem constituted by equation (1) is the assumption regarding a mathematical formula for ρ(r). In this case, instead of determining a full function, the parameters of an assumed distribution function are found by fitting I (t) to the experimental data (Rolinski and Birch 1999 , Wu and Brand 1994 , Lakowicz 1999 . However, this approach is inherently restrictive as it stands or falls on the premise that an appropriate distribution function can be either guessed or inferred from prior knowledge. In general, at best it offers only parametrization in biomolecules.
In this note we present a more precise approach to monitoring the structure and conformation of biomolecules by means of direct determination of ρ(r). We will consider the function f (t) = −(t/τ 0 ) − ln I (t) as experimentally measurable, and, according to equation (1), related to the distribution function ρ(r) by
Equation (2) constitutes an inverse problem in which the donor-acceptor distribution function ρ(r) is input information (object) which is to be recovered from the output signal f (t) (image).
As we demonstrated previously Birch 2000, Rolinski et al 2000a) , ρ(R 0 ) could be extracted from fluorescence decay data. A comprehensive version of the approach applied in this note enables determination of ρ(r) for 0 < r < 2R 0 , and can easily be broadened to cover the whole range of biochemical FRET applications. We include in the mathematical treatment given to equation (1) information regarding the investigated donor-acceptor system (i.e. R 0 , τ 0 , and the minimum donor-acceptor distance a) and ρ(r) is represented by an infinite series of functions defined for r 0 only. As the spatial scale of FRET is determined by the critical transfer distance R 0 , the distribution ρ(r) reflects this fact by using the infinite series of the orthonormal Laguerre polynomials L s k (r/R 0 ), namely
Inserting equation (3) into the derivative with respect to t of the expression (2), integrating by the change of variable, x = r/R 0 , and using the definition of Laguerre polynomials (Gradshteyn and Ryzhik 1994) gives
Equation (4) is a simple function of time and can easily be integrated over time with the initial condition f (0) = 0, reflecting the fact that FRET cannot affect the population of the excited molecules at t = 0. We then obtain
where a matrix c km is determined only by the spatial (a) and spectral (R 0 ) properties of the donor-acceptor pair, but not by their mutual distribution
By introducing a new variable η(t) = (t/τ 0 ) 1/6 , equation (5) converts to
where K+1 is the number of Laguerre polynomials used for the representation of the distribution function and
As we can see from equation (7) (8). On the other hand, F (η) can be determined from the experimental data by making a parametric plot (f (t), η(t)), for t covering the experimental time window. Figure 2 demonstrates the ρ APC−MG (r; [Glc] ) functions for three values of glucose concentration recovered from the fluorescence decays using equations (7) and (8) and then (3). As the minimum donor-acceptor distance was not known, a = 5 Å has been assumed in this analysis. However, the result shown in figure 2 indicates that the real a is about 25 Å. This is consistent with large dimensions of the APC trimer (∼110 Å in diameter) and the APC fluorophore, α84, being hidden under the surface of APC and thus not directly accessible to the acceptor, as revealed by crystallographic data (Brejc et al 1995) . It is important to note that in traditional FRET analysis based on Förster models a = 0 is allowed. This frequently leads to overestimating of FRET in fluorescence decays (see Rolinski et al 1998) , as integrating over distance in equation (1) is performed from 0 to ∞ instead of from the minimum donor-acceptor distance to ∞. Moreover, because of the w(r) ∼ r −6 dependence, a contribution to FRET at small distances, r R 0 , is significant. The main feature of the APC-MG distribution functions revealed in this approach are two maxima at ∼4.5 nm and at ∼7.5 nm and a parabolic dependence at larger distances. In our previous paper (Rolinski et al 2001) a full ρ(r, [Glc] ) function was modelled on the basis of the measured ρ(r = R 0 , [Glc] ). The position of the maximum of the assumed one-maximum function was found to be at a distance of 56.2 Å, i.e. just between the positions of two maxima revealed here. This finding clearly shows that the method of fitting parameters of an assumed distribution to the experimental data brings some risk of losing essential structural information. Indeed the previous approach of assuming Gaussian or, moreover, Förster models for ρ(r) is clearly not applicable to the discrete binding sites encountered here.
Distribution functions in a glucose assay
The existence of two maxima in the APC-MG distribution function indicate two types of APC-ConA:dextran-MG complexes resulting in two characteristic APC-MG distances. There is a simple explanation for these two maxima in terms of the four sugar binding sites known to be present in the ConA tetramer (Brejc et al 1995) (see figure 1) . Dextran molecules can bind to ConA at one of two binding sites positioned closer to the attached APC (donor) molecule, resulting in a maximum at ∼4.5 Å, or to the binding sites situated at greater distances from the donor, contributing to a maximum at ∼7.5 Å. In reality a lack of symmetry might be contributing to the broadening of the peaks, the exact location of the fluorophore in ConA being unknown. Glucose appearing in the system replaced dextran-MG molecules from the binding sites and thus reduces the height of both maxima in ρ(r). For high glucose levels (50 mM and above) ρ(r) ∼ r 2 , as dextran-MG molecules are increasingly removed from the binding sites and randomly distributed around the donor molecules.
Conclusions
The method we have described is generic and can in principle be used to determine acceptor distribution functions wherever FRET can be applied. Our results clearly demonstrate the insight which distribution sensing can provide above and beyond conventional Förster analysis. For example, figure 2 demonstrates that real-time FRET tomography is now possible with a resolution comparable to x-ray crystallography, but with the advantage of being in situ.
Several potential applications of importance to medicine spring immediately to mind. Drug-receptor or drug-enzyme interaction may be studied so as to reveal detailed information about cell receptor recruitment and induced receptor/enzyme conformational change. Immunoassays for clinically important analytes such as hormones which are based on competitive antibody-antigen binding and dissociation should be more sensitive and specific when based on changes in molecular distribution. Several diseases are associated with structural changes in macromolecules. The relatively rare genetic diseases such the haemoglobinopathies (e.g. sickle cell anaemia) are obvious examples, but the extremely common non-communicable diseases such as diabetes mellitus and atherosclerosis, where there is gradual and chronic post-translational macromolecular damage, are perhaps more suitable for study by FRET nanotomography. For example, in diabetes mellitus hyperglycaemia leads to glycosylation of many proteins and, with long-lived ones such as collagen, crosslinking and macromolecular complexes result (called advanced glycosylation end products), which have multiple damaging effects (Brownlee et al 1988) . Detailed investigation of these three-dimensional alterations would probably lead to earlier detection of diabetic tissue complications.
